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1. INTRODUCTION

1.1 Background

It has been known for over two décades that electron irradiation of insulators
car produce an accumulation of charge sufficient to cause dielectric breakdown.
The first published description of this effect appears to be due to (;x-ossl who
invéstigated dielectric breakdown produced by 2 MeV electrons in Plexiglass,

This dand subsequent publications on electron induced breakdowh by Giross and others
(see bibliography) contained only qualitative or semi-quantitative descriptions of
the phehomenon. Also, electrons with energies greater than 1 Me\' were generally
used to induce breakdown, Consequently, when the possibility that the problem
cf spacecraft charging could be due to a similar effect was considered, that is,

l that space-pldsma electrons incidént on the dielectric mater als used on the exter-
ior of satellites could cause chargé buildup and subsequent dielectric breakdown,

e tsant——

1. Gross, B. (1958) Irradiation effects in Plexigiass, J. Poiymer Sci, 27:135.
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& Hterature scarch was hegun to determing how much inforination was currently
available on the intéraction of eleéctrons with énergies comparable to those éne-
countered in spacée, In addition, the gedrch was to cover informatien that might
be useful th obtainifig & more qudntitative description of electron induced hreak-
down,

Tke literature scarch was originally intended to form the hasis of un experi-
mental program with the objective of determining the required material properties
and electron interaction parameters needed for modeling churge buildup und hreak-
down in insulators. However, it was found that a number of publications had up-
peared in recent years in which électrons with energies in the 1 to 50 ke\ range had
been used to investigate insulator propérties such as conductivity and churge storage,
As the search continued it was found that much of the data needed :uppeured to be
available in the literature, but it wus scattered among reports reiated to various
interésts ranging from fundamental properties of insulators to engineering applica-
tions such as electrophotography and electrets. Also, results obtuined for specific
properties ahd parameters varied widely among different authors. It wus thérefore
decided that the literature search should be continued in dépth in order to evaluate
and correlate the available data prior to initiating an experimental program.

Only a brief overview of the results of the literature search ¢an be given here,
A partial list of the réferencés covered is included in a bibliography at the end of the
paper to enable the reader to obtain moré complete coveragé of particular ureéus of
interest. Although inorganic insulators were also considered in the search, we limit
coverage in this paper to the organics, primarily Kapton and Teflon, for the sake of
brevity.

1.2 Factors Covered in Literature Search

Figure 1 illustrates the electron interacticns related to charge buildup in insula-
tors. Energetic electrons incident on the insulator penetrate the surface of the
maierial. Some of the electrohs undergo elastic (Loulombic) collisions with the con-
stitusnt atoms and are "backscattered' out of thé material. The remaining elec-
trohs interact inelastically with the orbital electrons of the atoms generating elec-
tron-hole pairs by ionization as they lose energyv and eventually slow to thermal
enérgy near the end of their maximum range in the material. (Interactions such as
sighificant x-ray production, atomic displacements, etc., are neglected here.) Some
of the electrons produced by ionization escape from the surface of the material as
secondaty electrons and these, along with the backscattered electrons, reduce the
net excess charge that enters the material from the initial incident electron flux.
The remaining electron-hole pairs and the thermalized incident electrons act as
current-carrers, producing a region of enhanced (radiation induced) conductivity
in that por*ion of the insulator included in the range of the incident electrons. The
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Figure 1, Electron Interactions Related 1o Charpe '
Buildup in Insutators ‘

time integral of the net electron current penetrating the insulator is the charge
accumulated by the insulator, 'T'his charge can Jdrift under the influence of its

own field, or image forces, toward an electrode attached to the material, If it
cannot drift and be removed from the insulator at a sufficient rate, charge buildup
cah occur producing an eléctric field strong enough to cause dielectric breakdown,
In the configuration shown in Figure 1 for example, the charpe would have to drift
through the région of intrinsic conductivity to be removed from the insalator. The
intrinsic conductivity of most good insulators, such ‘<apton and Teflon, is much
too low to permit a sufficient rate of drift to prevent charge buildup. In some
materials, however, it may be pcssible to take advantage of the region of radiation
induced conductivity by applying an electrode to the surface of electron incidence
to remove the excess charge,

From the above brief description of the processes involved in electron-induced
charge buildup in insulators it can be seen that the factors that needed to he covered
in the literature search were:

(1) Conductivity (including thermal, high-field, and radiation effects),

(2) Secondary electron emission,

(3) Electron range and rate of energy loss,

In addition to these, dieleétric breakdown processes were also covered in
the search,




2 CONDUCTIVITY

2.1 Paraineters Needed to Uharacterize Coniductivity in lisulators

The energy band medel, used to deacrihe conduetion proeefses in eryatalline
aelida such as semiconductors, has generally beon adupted te apply to amarphous
materials sueh na organic tund most inorganic) insulators, Cansequently, the ex-
pression for the conductivity of an insulator is given ua

0= elnu, + n_i) (n

where 0 is the conductivity, e the electron churge, n, the concentrition of holes (+)
or electrons (-) in the conduction band und u the corresponding mobility. (llere
: we neglect the possibility of current trunsport by hydrogen nuclei considered by
some authors as charge carriers in organiec materials,) HBecuause organic insulators
contain a high concentration of trupping centers distributed in energy between the
valence and conductior bands, the mobilities in kq. (1) cunnot be interpreted us
simply as thev can, for example, for semiconductors. lor the insulators, con-
_;. duction is usually described as a "trap-hoppirg” process in which the carriers move
% from one trapping center to another, remamiry for a finite time at each center.
Values of mobility sre the ~efore usually given as time-averages, calied the trap-

M modulated mobility. " ‘Phe value of the tr ap-modulated mobility is a function of the
% number of available traps, that is, it depends on the number of trapping centers that
are occupied. Consequently, it i a function of the number of excess carriers in-

- jected inio the insulator as well as temperature, electric field, and time.
i In addition to the charge carrier mobilities, values of the following parameters
are needec to model conductivity in insulavors:
¢ (1) n: The concentration of potentially available charge car~iers, that is,
L trapped plus mobile charges. This includes intrinsic carriers as well as those
injected from external :ources,
<7 (2) Wx: The activatior energy of parameter x for
o x = xg exp(-W /kT) 2)
where k is Boltzmann's . nstant, T the abgolute temp~rature and x is a

parameter such as the concentration of carriers in the conduction band,
mobility, or a comtination of parameters such as conduetivity. It is not

‘Some authore give values of mobility for carrier transport between traps and these

X can be several nrders of magnitude greater than the trap-modulated mobilities, In

o using these values of mobility Eq. (1) must be modified to include trapping param-
eters,




always clear from a given papei to which factor the author internided

the aetivation energy to apply, but its value is frequently reported since

most of the parameters related to conductivity show the exponential formi

of Eq. (2) over a range of temperatures.

(3) N,: The concentration of trapping centers,

(4) E;: The energy, of depth, of trapping centers. This along with N,

(as a function of E,) gives the trap distribution in an insulator. Fréquently,

however, a "gingle trapping level" model is used which assumes that all

traps are concentrated at.a single lévél., In thiz case the value of Et

reportéd is actually a weighted average over N't‘

(5) T: Carrier lifetime between traps. Thi¢ parameter may also

appear in ihe literature ag the time spent by a carrier ih traps. It is

not always clear which meaning a particular author has givén to z.

Anothér form of this parameter is the recombination coefficient, designated

by various symbols, that measures the fraction of carriers that remain

free per unit time.

(6) n: The number of carrier pairs generated per incident electron

(or photon). This parameter is related to radiation induced conductivity.

Another quantity frequently used instead is the enérgy that rhust be

dissipatéd in the material by an électror or photon to produce a single

carrier pair.

Although there are othér parameters used in modeling conductivity, some of
which are alternates for—or combinations of ~ the above, those listed aré the most
frequently encountered in the analysis of conduction processes in insulators, It
should be noted that the symbols used in the literature for varioug parameters are by
no means uniform. ThoSe used here are probably the most commoftily encountersd.

2.2 Methods Uscd to Measure Conductivity Parameters

The method used to measure a particular conductivity parameter ¢an signific-
antly affect the valie obtained. This is due, at least partly, to the fact that the
technique used t6 measure the parameter may affect tne insulator in a way that
canriot be accounted for in the riiodel used to interpret the results of the measure-
ment. When taking the value of a parameter for insulator conductivity from the
literature, therefore, it is importart to be aware 6f the method used to messurs it
in ordér to evaluate its validity for the application intended.

Figure 2 shows schematically four methods used to determirie conductivity
parametirs for organic insulatorsé. Part (a) of the Figure shows the "classic"
mzthod used to measure ¢onductivity. Electrodes are pressed, painted, or evap-
oratéd onté two opposite surfaces of the sample. A potential, V, is applied to the
electrodes and the current, I, through the insulator is ineéasured by metér M. The
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Figure 2, Methods Used for Measuring Conductivity Parameters in
Insulating Materials

conductivity can then be calcilated from the ratio of I to V and the dimensions.of
the sample. By varying the applied potential and ché temperature, the conductivity
a8 a function of electric field {(E) and temperature (T) can be obtairied. From this
data an activation energy, W, for conductivity can be derived. The problem with
thi§ method is that the electrodes can have a significant affect on the results ob-
tained. Lilly and McDowellZ used this method to measure the conduétivity in Mylar
ahd Teflon. They found that their results did not agree with theories of ciirrent in=
jection from the electrodes which must be accounted for in measurements of this
type.

The procdedure illustrated in part (b) of Figure 2 reduces séme of theé electrode
effects by using the electrodes as charge collectors instead of sources of current
carriers during the measurement. The sample is precharged either before or after
application of the eléétrodes by expoSure to an electron bedm, a cordna discharge
or application of a potential. The charging source is removed and a meter attached
to the electrodes to measure either the potential betwéen the electrodes or the
current (charge) released by the irisulator as a funiction of time and temperature,
The resultant ddata éan theri be used to deterrine pararmeters 8uch as activation
2, Lilly, A.C., Jr., and M¢Dowell, J.R. (1868) High-field conduction in films of

Mylar and Teflon, J: Appl: Phy#., 22:141.
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énergy, the product of mobility and éarrier lifetime, and the number of initially }
trapped ciarriers (ﬂt). Perlman and Unge:‘s used this method with electron-charged
ganiples to measure trap densities in Teflon.

Part (¢) of Figure 2 shows & method that has recently been used fairly éxtensive-
ly because of its versatility and reliability., An electron bearm with insufficiert
énergy to fully penetrate the sample 18 used to Supply charge to the insulator, The .
électrode on the surface of electront incidence is thin énough té be transparent to the
electrons., The applied potetitial, V, is usually low enough (it may be zero) to
minimize carrier injection from the electrodes. Observation of thé currents L
which originates from the région of radiation induced conductivity (see Figure 1), and
Ly, which 18 the net sample current including that in theé non-irradiated region,. 4s
functions of time, yields values for the mobility, carrier lifetime, thé average ¢lec-
tric field (E) in the insulator, thé numbér of carrier pairs produced per incident
electron and the stored charge, Details of this method have been analyzed by
Gross, Sessler, and West,4 1

The method illustrated in part (d) of Figure 2 reduces electrode and other
éxtraneous effects to & minimum. The sample has a grounded électrode 6n ohe
surfaceé only. A charge is deposited on the surface of the sampie and the surface
potential measured asg a function of time With a non-contacting electrostatic probe
(E-S)., The surface potential de¢reaseés in time as the charge drifts through the in-
sulator undér the influence of its own field and image forces due to the presence of
the grounded eléctrode. The resultant data can be used to caltulate the intrinsic
mobility of the charge carriers deposited on the samplé. The activation energy for. ;
thé mobility can be obtained by repéating the measurement at differént témperatures...—.. cooe e oo
This procedureé was introdiced by Davies® to investigate static charge decay in
polyethyléne and glags. It was further developed by Batra et al6 for the analysis of
materials used in électrd-photography. It has récently beén applied to other in-
sulating materials because it is perhaps the best method currently available that can
give an unambiguous measure of carrier mobility in very low-conductivity materials.

2.3. .Carrier Mobilities in Teflon

Although many of the parameters used in moédeling conductivity have beer
measured for a variety of insulators it is not possible to consider all of them here,

3. Perimén. M. ., ard Unger, S. (1972) TSC study of traps in electron-irradiated :
Teflon aud Polyéthylene, J. Phys. D 5:2115, i

4. Gross, B., Seaslef, G, M., and West, J, E. (1974) Charge dynamics for elec- 4‘
tron irradiated polymer-foll electrets, J. Appl. Phys. 45:2841,

5. Davies, D.K. (1967) 1967 Static Electrification Conference Institute of Physics
and the Pliysieal Soctety, Lo Jdon, p. 28, 7

6. Batra, L.P., Keiji Kahazawa, K., and Seki, H. (1970) Discharge chsracteris- . |
ti¢s of photocorducting insulators. J. Appl. Pliys. &:3416. :

575




even for one material, This is because of the diversity of valués of some of the
parameters reported for a given material as well ag the fact that all authors dv not
present the values they obtain in the same way. For example, carrier lifetime, as
indicated in Section 2.1, ¢an be reported with different (but equivalent) physical
mednings and its valie may be reported as a single value or as the coefficient of an
exporiential function associated with an activation energy. The purpose of this
gection is to illustrate this diversity of values and show that one should not sinmiply
accept a value for a given parameter from the literature without first evaluating its
gource. To do this, we have chosen the values of mobility for ¢harge carriers
found in the literature for Teflon as an example. Table 1 shows some of the mobil-

ity values found.

Table 1. Values of Carrier Mobility in Teflont

Mobility (em?/V-gec) Comments
2X 10'12 Hole from 0,7 eV trap,
7.6x10” 14 Holé from 1 eV trap
7.4%10722 Electron from 1.8 eV trap
1.3x 10"9 Electron Charged sample
£4x10° 10 Electrén induced cofiductivity
~5%10" m‘ Room temperature, non-irradiated
sx107% ' Hole, pulsed electrons
5x10°3 Electron, pulsed electrons

The first three mobility values are from & recent paper by Sessler and W.est.7
They uded the open-cireuit method shows in part (d) of Figure 2, precharging the
sample by application of a véltage to the open surface of the sample before starting
the measurement. The temperature was raised from about 20 to 200°C during the
surfaée poteiitial measurements. This gave mobility as a function of temperature
from which the activation energies (shown in Table 1 as trap levels in eV) 6f mobil-
{ty were derived. The values of mobility shown in Table 1 were derived from a
plot 6f mobility vs temperatire given in the paper and were extrapolated to room
temp: atare (300°K) for comparigon with the other values ghown. It {s ¢lear from
these results that holes are the predominént charge carrier in Teflon.

7. Sessler, G.M., and West, J. E. (1076) Trap-moduldted mobility of electrofis
and holes in Teflon FEP, J. Appl. Phys; wsaao;
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The fourth valye of mobility shéwr is from a paper publishéd a few months
earliér by Gross, Sessler, and West, 8 The sample was electron irradiited as in
2, raising the temperature from rosm tempeérature to "50°C

applies. The authors attribute the high
lished work of Sessler and West, which
been published) to a greater concentrat{
stead of voltage-charging the sample,
deterniined, théy were assumed-to be h
electrode adjacent to the non-irradiated region of the Teflon, and assure the higher
value of mobility was obtained because more traps were filled in the sample,

The next two values of mobility in Table 1 were
Sesslér, and West4 using method (c) of Fi
temperature, Approximate values for Some paranieters were used to calculate the
mobility from the data, thus the "less than or equals" sign beéfore the value given.
The estiniated mobility in the non-irradiated region of the sample was derived from

charge -decay estimates and the authors state that thé value obtained is probably
too low,

er value of mobility (they reference unpub -
i8 probably our Reference 7 that had not yet
ot of électrons obtained by irradiation in-
Although the sign of the carriers was not
oles injected by ithage forces from the

also determined by Gross,
gure 2, but without changing the sample

The last two values of mobilit
pulsed electrons in a modifieqd ver
to interpret theip data,
charge carriers,
report,

Y in Table 1 were obtained by Hayashi et a1® using
8ion of method (c) of Figure 3,

they assumed that both electrons and holes
This may accbunt for the much higher valyes of

In the model uged
could act as
mobility they

From the example given, it can be seen that
ing conductivity in an insulator,

method used to obtain it but dlso

in selecting a parameter for mode] -
Oheé must be very careful to evaluate riot only the

the authors' interpretation of the data, Lacking a

€ paranieter values available, it is prebably best to
Yy a method most closély resembling the

application one has in mind for the data

2.4 Temperature Dependence of Conductivity

The temperature dependence of

conductivity for most insulators usually follows
the exponéntial form

O = A exp (-W/kT) (3)

8. Gross, B., Sessler, G. M., and West, J. E, (1976) TsC studies of carrier trap-
ping in électron- and v-irradiated Teflon, J. Appi, I'kys. 47:968,
9. Hayashi, K., Yashino, K., and niufshi, Y. (1973) Mobility measiremeénts in
Polymers using pulsed electron bédms. 1973 Conference on Electrical Insyia-
tion and Dieléctric PHensmena (Natiorial A
130,
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near and above réom temperature. Here, A aiid W are empirical constants, A8

in Eq. (2) of Saetion 3.1, W is the activation énergy of conductivity, Starting st
lower temperatures (for evample, near 80°K) different values 6f W are found a8
the temperature i8 raiged, corresponding to the emptying of different trap levels.
(Actually this océurs abové room temperature also, but is aot usvally observed
except in very carefully controlled experiments.)

The temperature dependence of conductivity i usually measured by the method
shown in part (a) of Figure 9. As mentioned in the discussion of that method (Sec-
Ay tion 2. 2) the electrodes applied to the sample can influence the results obtained. -
The material used for the electrodes, the nature of the contact (ohmic, blucking,
‘& etc.) made with the insulator, and effects such a8 Schottky emission (essentially

¢ carriers from the electrodes into the insulator) must be
ies in evaluating the electrode

of the thermionic emission o
i considered in the measurement. HBecause of difficult
effects, theoretical values of A and W are not usually in good agreement with ex-
périment.

i The values obtained for A and W also depend on the sample thickness and the
; g potential used in the measurements becausé the cohductivity of most insulators {8
3 a function of the eleétric field applied. For example, with an applied field of ]
approximately 5x104 v/em, Amborski’ found the activation energy for Kaptca to be i
about 1 eV, Hanscomb and Ca'ldex"woodn measured the current passed by samplées
of Kapton as & function of both applied field and temperature. They extrapolated
their data to zero applied field and found the activation energy to be 1.55 evV. (No
comparison can be made between the values of A for these two papers because of |

insufficient data.)

— 56 Elestric Field Dopendence of Conductivity
The conductivity of insulators as a funétion of applied electric field has been
measured by a number of authors, many of whom developed theories to explain their

data. Adamee and Calderwood 2 developed the following relationship for the rela-
tive conductivity of {nsulators as a function of applied field:

2.4 cosh (BF*/2KT)

A ‘ |
where . i
g !

{

_,——i'- . .

10. Amborski, L.E. (1963) H-fiilm—a new high temperature dielectric, 1nd, and i

Eng. Cheni. -Prod. R and D‘?JISB. {

11, Han&comb, J.R., and Calderwood, J.H: (1073) Thermally asasisted tunrielling i
polyimide film under &teady-staté and trafidient conditiorns, J. Phys. D 6:1093.

13. Adameé, V., did Calderwood, J.H. (1875) Electrical conductién in dielectrics
at high fields, J. Phy D *8';551. |
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B e Xmuegh o 1216x10723 36

% = dlelectric constant of the insulator,

& = electron charpe,

¢ o = permittivity of vacuum,

F - applied fleld {n V/m,
Oy = insulator condustivity at zero applied field,

They comparédthis expression with theories developed by six other authors to show
that it gave the best fit to data for Kapton, Mylar, Polyethylene, and other insulators,
Figure 3 is a plot of the relative conductivity of Kapton vs applied field caleu-

lated from Eq. (4) compared with measurements from Reference 12, As canbe
seen from the plot, agreement bétween theory and experiment i8 very good. Sim-
ilarly good agreement was obtained for thé other insulators for which comparisons
weré made,

RELATIVE CONDUCTIVITY
vs
100 [~ APPLIED FIELD
_ F o MEASURED g fasec
§° - ~ CALCULATED
T - -~ .
z TEFLON RaBTS
s L
(=
[8]
b
2
S 10
L%
]
>
3
@
! mdINENENT| N R
10% 10% 108

APPLIED FIELD (V/eim)

Figuré 3. Deperdence of the Conductivity of
Kapton and Teflon on Eleetric Field. Kapton
data taken from Reference 12. Solid curves
caleulated from Eq. (4)

Because of the 16w conductivity of Kapton at room témperature, the data shown
in Figtire 3 was taken at 250°C, for comparison, we used Eq. (4) fo cilcilate the
field deperidénce of condiictivity for Kapton at 25°C, The results are dlso plotted
in Figure 3 along with the résults of a similar calculatisii for Teflon.
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2.6 Radiation Induced Conductivity

The geaerally aceepted expression for the increase in conductivity induced in
an insulator.by energetic radiation is

¢ - 0y = KDA (5)
vherée

0y = the intrinsic conductivity,

¢ = conductivity during irradiation,

D = dose rate,

K,A-. =—consatants.

Although in principle the constants K and A can be predictec theoretically,
empirical yaluesg are invariably used. Theory predicts that K and A should be in-
dependetit of the type and energy of the radiation (that is, electrons, gamma- or
x-rays), but the empirical valués réported differ among various authors by too
great a range to confirm this. The reasons for the differences are not clear, but
as with other measureméents on insulators, particularly polymers, it could involve
electrode effects, thermal effects, etc., a8 wéll as changes in material properties
caused by radiation dafage during the measurements. However, theé constant K.is
the more 8ignificant of the two because A is the most frequently fournd to be within
10 percent of unity. Errors inA therefore have relatively little effect on the magni-
tude of the induced conductivity calculated from Eq. (5).

To illudtrate the differences that can ocecur in the value of K, Table 2 shows
the range of K found in the litérature for some of the polyrers.

Table 2. Range of Values of K in Units of sec/Q-cm-rad

Material Kmax K min
Kapton ex10718 1,2x10~19
Teflon 10718 ax10718
Mylar 2, 1x10718 1. 8x16"19
Polyethylenie a.5x10"18 ax10”19
Polyatyrerie 11018 ax10”1® |

AB with other parameters associated with insulators, it 18 probably best to
gelect & valde of K from the litérature that was detérminéd urider conditions mést
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closely related to the application intended for the ddtd. For upper and lower limit
calculations, the appropriate maximum of minimum valueé should be used,

3. ESTIMATION OF ELECTRIC FIELD DEVELOPED DURING
ELECTRON IRRADIATION OF AN INSULATOR

Analysis of charge transport in electron-irradiated polymers in some recent
papers has suggested the following application of radiation induted conductivity
data. While measuring electron iaduced conductivity in polyethylene terephalate,
Beckley et a113 experienced difficulties with frequent electrital breakdowns of their
gamples. They uséd an analysis based on work by Nunes de Oliviera and Grosa14
to show that the breakdowns could be caused by fields built up by differential charg-
ing of the in8ulator during irradiation. Beckley and his coworkers based their
caleulations oh a sémewhat more obscure form of the original relationships de-
veloped by Nunés de Oliviera and Gross.. Wé usé the expressions from the paper by
the latter authors to illustrate the proceduré for Kapton and Teflon.

Referring to Figuré 1, assume that a grounded electrude i8 located on the sur-
face of electron incidence of the insulatdr as well at on the opposite surface. After
correcting for secondary emission and backscatier, take the net curreént entering
the insulator to beé I,. Assuming no curreént flows in the non-irradiated region of
the insulator (region II of Figure 1), 4t equilibrium the field in the irradiatéd region
(region I of Figure 1) will be

F‘l = IO/ O’i ' ' (6)
where o, is the radiation induced conductivity, since the current entering thé région
must equal the current leaving (by Kirchoff's law). (Note that we have ignored the
direstion of the current flow, and therefore the field, which would have rio relation
to the occurrence of bréakdown.) The dose raté in rad/sec 1 regionlis

b = (de/doxiol! Iy @

where dE/dx 18 the rate of énergy loss of the electrons tn MéV-cm?/g and 1, i8 in
amperes. Combininig Eq. (5) for the radiation induced tonduttivity (neglecting %
and taking & = 1) with Eqs. (6) and (7) gives

F, - 1/tde/doxtollk | (8) -

13. Beckley. L.M., Léwis, T.J., and Taylor, D.M. (197 8) Eléctron-beam -inducéd
coiiduction in polyethyiené teréphthalate films, J. Phys. D &1355.

14, Nunés de Oliviera, L.; afd Gross, ﬁh (1975) Spacé -éch'aijge-iimlted curiénts {n
electron {rradiated dieiectrics, J. Appl. Plys. ‘4'”:3132.
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Since the potential across the sample i8 zerd
FyR = FZ(D-R) (9)

where R {s ihe electron range and D the sample thickness. The field in the ron-
irradiated region, Fz. is therefore

F2 = F'lR/(D-R) . (10)

Figure 4 shows plots of Fy and F, vs electron enérgy for a rang: of thicknesses of
Kapton and Teflon. The values of K used to calculate the plots were taken from
Weingart. 15 These K values are relatively low 8o that an upper limit estimate of
the field i8 obtained (for Kapton, K = 1. 2)(10'19 gec/Q-em-rad and for Teflon

K= 3. 1X10'18 sec/Q-ctn-rad). A& can be Seen from the plots, breakdown is most
likely to occur at the surface of electron incidence. .The field in Kapton approaches
the breakdown rangeé of the order of 106 V/cm much more rapidly than the field in
Teflon. However, Teflon has a lower dielectric strength than Kapton ard fiross

et a1'% have shown that breakdown may occur in électron irrediated Teflon at least
a factor of 2 below the published dielectric strength. If there is a gignificant cur-
rent f16w in thé non-irradiated region of thé insulator dué, for exampleé, to field
eénhanced conductivity which has been neglectéd here, the fields calculated from
Eqs. (8) and (10) would be reduced by the factor (1-1/10). where [ is the current in
the non-irradiated region.

These calculations should bé understood to give only rough estimates of the
fields built up in insulators during electron irradiation since several factors that
could affect the results have béen neglectied, For examplé, charge drift during
the transient period before equilibrium i8 reached has been {gnored, as well as
possible radiation effects, image forces at the electrodes, the previously méntionéd
field enhanced conduction, eétc. However, the procedure is 4 simple way of evaluats
ing materials regarding their relative tendency to break down during electron

[{rradiation and shows that making both surfaces of an insulator conductinig will not
necessarily prévent breakdown,
16. Welingart, R.C., Barlett, R.H., Leé, R.S., and Hofer, W. (1872) X-ray

induced phiotoconductivity in dieléctric films, IEEE Trans, Nuc., Sci.
QS-IB(NO. 6): 15,
18. Gross, B., Sesdler, G.M., and West, J.E. (1973) Conductioti and breakdswn
{n polymer foil8 chargéd by electron irradiation. 1973 Confererce on
Eléctrical Indulatipti and Dielectric Pheriothena (Natlonal Academy of Scieficés,
[] pl *
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in Kapton and Teflon Resulting From Eléctron

5 Irradiation, Grounded conductive coatirngs on both
i surfaces of sheets of the materials with thicknesses

indicated. F1 i8 the field in the region betwéen the

surface of electron incidente and the électron range.

F'y i8 the field in the non-irradiatéd region which is

assumed to be nén-conducting, The curves for Fg3

ih Teflon terniindte near the énergy at which the

¢lectron range exceeds thé insulator thickness

4. SECONDARY EMISSION

Bécause of it8 practical applications, secondary emisséion has long been a
subject of invéstigation. A3 a result, a considerablé volume of data exists cover-
; ing many materials including organic and inorganic insulators. Although not all
= {ncident electron énergies of interest have been covered for all materials, sound
theoretical and semi-empirical relationships have béén developed that can be used
to extend the available data. An example of such a rélationship is the "universal
gecondary eémission cufve", It i§ given by

K . gn(xm ElEm)
il B (1)

n m

B R s Y S
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Ry * value of x for which g, has a maximuir,

For a given material, & and n must be determined numerically to fit the
available data. Most measured values of the secondary emiadion coefficient can be
fit to the universal curve. In fact, if data 8 found that cannot be fit to the curve,
thére were probably errors made during measurement of the coefficlent,

Figure 5 shows secondary emission data for Teflon taken from Matskevich
fitted to the universal curve, The data was taken from a plot in thé paper and de-
viations of some of the points from.thé curve are probably due as much to reading
the plot as to experimental error.
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For electron energies above about 0.5 keV, the following émpirical relation-
ship holds well:
6 » RE™® (12)
where K and tn are constants, For most organics m {8 found to be about 0,725 and

K deperids on the specific material. Figure 6 shows Galr's dataw' for Kapton and
the Matskevieh data for Teflon fitted to Eq. (12).

17. Matskevich, T. L. (19560) Secondary electron emisdion of somé polymers, Fiz,

Tverd Téla,, Akad, Nauk, SSSR 1:277, (in Russian).

8, Gair, S. (1974) Electron backscattering afid secordary clectron yield méasure-
mients from dielectric materials, Proc. IEEE Ann, Conf. ori Nuc, afid
Space Rad, Effécts, p. 177,
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The angular depéndénce of secondary emission follows the semi-empirical
relation

60 éxp ¢ (1-cos 0) . (13)

6 = angle of incidenice of electrons with respect to
the surface normal,
60 = seécotidary emission coefficient at normal incidence,
64 = secondary ethission coefficient for electrons incident
at angle 6.

The constant ¢ 18 determinéd empirically, For most polymets we have found
c~2,

5. BACKSCATTER

Since information on backscatter is needed for most secondary emission mea-
suremerits, datd on backscatter is about as exténsive as for secondary emission.
Theorétical and empirical relationehips have also been developed for the calculation
of backscatter coefficients,
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For most of the available data, the following empirical relationship holds:
g = AE™™ (14)

where § 18 the backscattér coefficient, E the incident electron énergy and A and m
are constants, For the polymers, we have found that A = 0.1 and m = 0,2 fit most
of the available data fairly well.

The backscatter coefficient, Bgs for electrons incident at angle § to the surface
normal was found by Darlington19 to be given for metals by

cos 0 (18)

Bé = B(ﬁolB)
where ‘80 is the coefficient at nornial incidénce and B a constant, This éxpression
also fitd the polymer data taking B = 1.

6. ELECTRON RANGE AND RATE OF ENERGY LOSS

Theré have been-nimerous measurements of electron range 4and rate of energy
loss for eléctrons with energied above 10 keV, Many empirical relationships for
the calculation of range have been published and reliable theory has beén developed
for caleulating both range and raté of energy 1088 dbove this energy. Computér
generated tabulations, such as that by Berger and Seltzer, 20 based on the theory
are availdble, For electron energies below 10 keV, however, thérée have beén
relatively few measurements and theoretical procedurés have not been fully de-
véloped and tested.

Ashley et al are investigating electron range and energy loss for energies below
10 keV undet a contract with RADC/ETS (formerly AFCRL/LQ). A rep‘oi-tzl on
this work containing a tabulation of range &nd rate of energy loss in aluminum and
aluminum oxide for electrons with energies down to 1 eV_is available, The work is
being continued to cover other materials including polymers.

19, Darlington. E.H. (1975) Backscattering of 1L-100 keV eélectrons from thick

targets, J. Phys. D 8'-
20. Studies in Penetration of Char ed Partic
1133 1964.

21, Ashley, J.C., Tung, C.J., Anderson, V.E., and Ritchie, R, H. (1975)
Imerae Meapn Free Path Stopping Povrer, C CSDA Ran, e and Straj 1ing i

'ég in Matter, National Academy of
ashington, D.C., Publication
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7.-—DIELECTKIC BREAKDOWN....

Although many experimental and thesretical studies of dieleétric breakdown
Have beeh-performed, it is difficult to obtain a consist it view of the phenomenon

f¥6m theé literature, Repeated measurements of the dielectric strength of a given.—......

insulating material, performed by the same labératory using a single procedure,
can give results differing by an order of magnitude or more. This variability is
probably due t6 minute structural differénces (such as thickness variationd, in-
ternal gas pockets, variations in microcrystalline structure, etc.) between sam-
ples. Differences in ambient corditions and-measuting techhiques also have sig-
nificant effects on the results obtained.

The lack of consistent data on dieleéctric bréakdown has made progress in the
develnpment of theories that can be used to explain and analyze the breakdown
Frocess very difficult. Some progress has been made in developing a theory for
dieléctric breakdown in thin films of inorganic insulators such as gilicon dioxide,
but very little has been accomplished in explaining breakdown in polymers. Struc-
tural changés, both microscopic and macroscopic, that occur in polymers under
electric stress make analysis of the breakdown process very compléx, Much more
work i8 needed in this area.

8. CONCLUSION

A.¢onsiderable amount of information related to electron interactions and
material properties involved in charge buildup in insulators is available in the
literature. Although 4ll of the parameters neéded in this area for analysis of the
Spacecraft charging problem may not be available in the opeén literature, much
progress has been made in this direction. Perhaps the most significant finding i
that, after some evolutiohary errors, techniques have been developed for the
meéasurement of those parameters that may be rieeded but for which data is not
already available, Theoretical procediires for the énalysis of the charge buildup
process have progressed along with the measurement techniques and, although sore
refinéments may still be needed, they are much more reliable than those avdilable
a few years ago. These developments have resulted from a reneéwed interest in the
conduction and charge storage properties of polymers and other amorphous insula-
tors. Most of the availabie information on thége factor g have been generated during
the past ten years. In fact, about 60 percerit of the relevant material found in the
search was published during the past four years.' If this trernd coht{nues, much of
the information rieeded to évaluate insulating matérials for use on spacecraft ihay
sooh appeadr in the literdture,
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There are areas where the literature did.not indicate adeqiiate progress. As
pointed out earlier, much more work is needed on the dielectric breakdown
processes'in polyraers. Relatively little work h2s been done on the effects of am-
bient conditions én parameters such as carrier mobility, trapping éross-gections,
étc., and the changes in material properties related to charge storage that could
occur, particularly in polymers, during prolongéd exposure to high vacuum, cryo-
genic témperaturés, low energy eléectrons and other environraental factors that
may be encountereéd in space,

Although the open literature contains a very good base of information, only
data ta¥en on spécific satellite insulating materials under controlied conditions and
with particle spectra similar to the space environment can properly test the valie
of this information in relation to thé problem of spaceécraft charging,
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